The transmembrane claudins assemble into polymeric tight junction strands. Results: Residues involved in differential folding and assembly of claudin-3 and claudin-5 were identified. Conclusion: Subtype-specific cis-dimerization contributes to the differing ultrastructure of tight junction strands. Significance: The molecular insights improve the understanding of the formation of paracellular barriers to molecules.
The paracellular barrier in epithelia and endothelia is formed by tight junctions (TJ). 4 Freeze-fracture electron microscopy (FFEM) revealed TJ as an anastomosing network of strands composed of transmembrane particles (1) . The tetraspan membrane proteins of the claudin (Cldn) family constitute the backbone of TJ (2, 3) . On the basis of their barrier properties, claudins can be functionally grouped in barrier-forming or channel-forming claudins (4, 5) . The ability of claudins to form paracellular ion channels is mainly determined by their first extracellular loop (ECL1) (4, 6, 7) . The crystal structure of claudins is unknown, and the mechanism of TJ assembly is unclear. Assembly and disassembly of TJ is regulated by a panel of TJassociated proteins controlling, e.g., the transport of claudins or their linkage to the cytoskeleton. However, the assembly of claudins into TJ strands probably depends directly on the following claudin-claudin interactions: (I) intramolecular folding and intermolecular assembly by (IIa) co-or posttranslational cis-oligomerization (within one membrane) and (IIb) trans-interaction (between opposing plasma membranes) that mediates the formation of polymeric strands (2, 8) . Hereafter, (I) is mentioned as "folding" and (II) as "assembly."
It is assumed that heteropolymeric TJ strands are formed by interactions between the same claudin family members (homophilic) and between different ones (heterophilic) at cell-cell contacts (3, 9, 10) . However, the biochemical and biophysical analysis of the assembly of TJ strands is limited by their sensitivity to detergents. This, so far, prevented solubilization or in vitro reconstitution of intact TJ strands. To circumvent this limitation, we analyzed claudin assembly in a native cellular environment.
TJ strands were reconstituted in HEK293 cells by transfection with claudin constructs C-terminally tagged with YFP. In this system, strand formation can be analyzed independently of endogenous claudins and TJ-regulating proteins containing a PDZ domain (2) . TJ strands were detected by FFEM or single molecule-based nanoscopy (11) . Trans-interaction between claudins was detected by enrichment of claudins at contacts between claudin-expressing cells (hereafter designated "contact enrichment"). Cis-interaction was analyzed by FRET assays. This reconstitution approach and mutagenesis were used to identify the determinants for the trans-interaction of Cldn5 (2) , heterophilic compatibility of claudins, and TJ-associated MARVEL proteins (9, 12) together with a bioinformatics analysis to distinguish between classic and non-classic claudins and modeling of the ECL2 of Cldn3 and Cldn5 (4, 13) . Residues identified as relevant for claudin assembly were verified as contributing to paracellular barriers in vitro and in vivo (14, 15) .
In this study, we focused on two prototypes of barrier-forming claudins, Cldn3 and Cldn5, both of which are relevant to the blood-brain barrier. Cldn5 tightens the blood-brain barrier for molecules smaller than 800 Da (16) . Hints of Cldn3 expression in the brain, loss of Cldn3 under pathologic conditions, and transcriptional regulation of Cldn3 in brain endothelial cells suggest that Cldn3 contributes to blood-brain barrier tightness (17, 18) .
Cldn3 and Cldn5 are both capable of sealing the TJ (19, 20) , but they form TJ strands with different ultrastructures (9): continuous-type strands associated with the protoplasmic (P) face of the membrane (Cldn3) or particle-type strands with spaced intramembranous particles associated with the exoplasmic (E) face (Cldn5). To identify claudin segments and residues involved in this difference, a panel of Cldn3/Cldn5 chimeras (ChA-ChG) was created by mixing the different predicted segments (transmembrane segments (TM1-4), intracellular loops (ICLs), and ECLs. The chimeras were expressed in HEK293 cells and screened for their capability to form TJ strands (2) with microscopic and biochemical analyses. The results provide novel insights into the molecular mechanism of paracellular barrier formation.
EXPERIMENTAL PROCEDURES
Plasmids-Expression vectors for fusion proteins of CFP/ GFP/YFP with murine Cldn3, Cldn5, Cldn5-F147A, and Cldn4 were based on pECFP-N1/pEYFP-N1/pEGFP (Clontech, Mountain View, CA) and have been described previously (2, 21) . Chimeras (ChA-ChG) on the basis of Cldn3 and Cldn5 were generated with restriction-free cloning (22) . ChA, Cldn3 M1-R144/Cldn5 E146-V218; ChB, Cldn3 M1-V99/Cldn5 G101-V218; ChC, Cldn5 M1-V77/Cldn3 Q77-V219; ChD, Cldn5 M1-G101/Cldn3 A101-V219; ChE, Cldn5 M1-L160/ Cldn3 G160-V219; ChF, Cldn3 M1-R144/Cldn5 E146-L160/Cldn3 G160-V219; and ChG, Cldn3 M1-P27/Cldn5 M29-V77/Cldn3 Q77-R144/Cldn5 E146-V218. Site-directed mutagenesis of Cldn3, Cldn5, and the chimeras was performed similarly as described previously (2) . The generated constructs are summarized in supplemental Table S1 .
Cell Culture and Transfection-HEK293 (9) cells were cultured in DMEM (Invitrogen) containing 10% (v/v) fetal calf serum, 100 units/ml penicillin, and 100 g/ml streptomycin. Transient transfections were performed using PEI (Polysciences, Eppelheim, Germany) or Lipofectamine 2000 (Invitrogen) according to the recommendations of the supplier.
Live-cell Imaging-For live-cell imaging, 2 days after transfection, cells were transferred to 1 ml Hanks' balanced salt solution with Ca 2ϩ , Mg 2ϩ , glucose, and sodium bicarbonate and without phenol red (Invitrogen). The plasma membrane was visualized by addition of 20 l of trypan blue (Sigma-Aldrich, Hamburg, Germany), 0.05% in PBS. Cells were examined with a LSM 510 META system containing an Axiovert 135 microscope equipped with a PlanNeofluar ϫ100/1.3 objective (Carl Zeiss, Jena, Germany), (2) .
To quantify claudin enrichment at contacts between two claudin-expressing cells, confocal images of living cells were analyzed using the LSM 510 software (Carl Zeiss). Two different methods were used.
The enrichment factor (EF) was measured using intensity profiles of confocal images. Contacts between two cells were identified by the trypan blue fluorescence peaks indicating the plasma membrane. For each cell pair, three fluorescence intensity profiles were quantified. For cultures of Cldn/chimera-YFP-expressing cells, the EF was calculated as (intensity at contact between two Cldn/chimera-expressing cells)/(sum of intensities at contact between the two expressing cells and nonexpressing cells) (2) .
The EF could not be usefully determined for constructs that showed a saturation of the signal at contacts between two Cldn/ chimera-expressing cells but no clear signal between Cldn/ chimera-expressing and non-expressing cells. For these constructs, the percentage of enrichment-positive contacts was quantified as contacts between two Cldn/chimera-YFP-expressing cells with a strong YFP signal.
To quantify the ratio of claudin signals in the plasma membrane versus the nuclear membrane, images of single Cldn/chimera-expressing cells were taken. Either the plasma membrane identified by trypan blue or the nuclear membrane identified morphologically were detected close to the saturation of the signals (depending on which signal was stronger). Five fluorescence intensity profiles per cell were quantified and averaged. FRET experiments at cell-cell contacts were performed using Cldn-CFP/Cldn-YFP-cotransfected HEK293 cells, as described previously (2) .
Blue Native Polyacrylamide Gel Electrophoresis (BN-PAGE)-Pellets of 10 cm 2 of transiently transfected HEK293 cells were resuspended in sample buffer (1ϫ NativePAGE TM sample buffer, 1% DDM (Invitrogen), and EDTA-free protease inhibitor mixture (Roche Applied Science)). Lysates were centrifuged for 30 min at 15,000 ϫ g and 4°C. To 5 l of supernatant, 5 l of sample buffer including 0.5% NativePAGE TM G-250 sample additive (Invitrogen) was added. As a marker, we used NativeMark TM unstained protein standard (Invitrogen) and applied a correction factor of 0.6 similar to that used for claudins, as described previously (23) . BN-PAGE was performed according to the instructions of the manufacturer (Invitrogen) on the basis of Ref. 24 . Gels were transferred to PVDF membranes. Membranes were fixed in 8% acetic acid for 15 min, destained with 62.5 mM Tris/HCl, 2% SDS for 15 min, washed with H 2 O, and blocked with 3% milk powder for 1 h. Western blotting was performed with mouse anti-GFP (catalog no. JL-8, Clontech) and HRP-conjugated goat anti-mouse (Invitrogen).
FRET Analysis by Spectrofluorometry/FRET Ratio-A close proximity between claudin molecules was detected by FRET between CFP and YFP tags. Cldn-CFP/Cldn-YFP-cotransfected HEK293 cells were lysed in PBS containing 1% DDM (Sigma-Aldrich) and EDTA-free protease inhibitor mixture. After centrifugation (30 min, 15,000 ϫ g, 4°C), the supernatant was analyzed in a FP-6500 spectrofluorometer (Jasco, Gross-Umstadt, Germany). CFP fluorescence was detected with excitation of 425 Ϯ 5 nm and emission of 475 Ϯ 5 nm; YFP with excitation of 490 Ϯ 5 nm and emission of 525 Ϯ 5 nm; and the FRET signal with excitation of 425 Ϯ 5 nm and emission of 525 Ϯ 5 nm. Cross-talk of YFP fluorescence to the CFP and FRET signal was determined with samples containing either YFP or CFP only; for -excitation of 425 Ϯ 5 nm and -emission of 475 Ϯ 5 nm, the signal was 2% of the YFP signal (⑀1 ϭ 0.02), and for -emission of 525 Ϯ 5 nm, the signal was 5% of the YFP signal (⑀2 ϭ 0.05). As a measure of the FRET efficiency, the FRET ratio was calculated as (FRET signal Ϫ ⑀2 ϫ YFP fluorescence)/(CFP fluorescence Ϫ ⑀1 ϫ YFP fluorescence). For negative controls, a FRET ratio of about 0.4 was obtained (9) .
Freeze-fracture Electron Microscopy-HEK293 cells were transfected with Cldn/chimera-YFP constructs. Three days later, they were washed with PBS with Ca 2ϩ /Mg 2ϩ , fixed with 2.5% glutaraldehyde (electron microscopy-grade, Sigma-Aldrich) in PBS Ca 2ϩ /Mg 2ϩ for 2 h, washed, and processed for freeze-fracture electron microscopy as reported previously (25) . For quantification of the continuity and the P-/E-face association of the TJ strands, the particle coverage along strand axis was determined as follows. FFEM images were analyzed with ImageJ by measuring the length of the strands and counting the intramembranous particles at a given position along the strand axis in 10-nm steps. The particle coverage was defined as the number of particles ϫ 10 nm/total length of analyzed strands. This was done for the P-and E-faces. For each construct, more than seven strand network areas were analyzed.
Bioinformatics-Sequence alignments for murine Cldn3 and Cldn5 were created with the GCG program package (GCG Wisconsin package, Accelrys Inc., San Diego, CA) and visualized with Geneiouse Pro 5.4.4 (Geneious Pro 5.4.4 created by Biomatters). Transmembrane helix predictions were performed with the GCG program package and TMHMM (26) .
Statistics-Unless stated otherwise, results are shown as mean Ϯ S.E. Statistical analyses were performed using Prism version 5.0 (GraphPad, San Diego, CA Fig. 1, A and B) with a C-terminal YFP tag were expressed by transfection in the TJ-free cell line HEK293. Similarly to Cldn3 and Cldn5, the chimeras ChA, ChF, and ChG colocalized with the plasma membrane. However, in contrast with Cldn3 and Cldn5, the chimeras ChA, ChF, and ChG were not enriched at contacts between claudin-expressing cells (Fig. 2, A, B , D, E, G, and H). This indicates inhibition of the trans-interaction. FFEM was performed to analyze whether this inhibition affects strand formation. Although extended networks of TJ strands were easily detected for Cldn3 and Cldn5 (Refs. 2, 9 and Fig. 2C ), almost no strands were detected for ChA, ChF, and ChG (Figs. 2F and 10, A-C). These results show that ChA, ChF, and ChG are strongly impeded in trans-interaction and strand formation.
RESULTS

Subcellular Distribution of Cldn3/5 Chimeras Indicates Hampered Folding or Trans-interaction-Seven chimeras (ChA-ChG,
In contrast with Cldn3, Cldn5, ChA, ChF, and ChG, the chimeras ChB, ChC, ChD, and ChE were restricted to intracellular compartments and did not localize within the plasma membrane ( Fig. 2 , I-L). This suggests that the folds of ChB, ChC, ChD, and ChE do not pass the intracellular quality control necessary for efficient plasma membrane targeting.
Although the cells showed different expression levels and, partly, a pronounced intracellular localization of the respective claudin construct, the enrichment of the construct between cells that express the construct depended on the molecular properties of the construct and not on whether it was expressed at low or high levels. In addition, stable expression of these constructs also led to similar subcellular distribution and contact enrichment, as did the transient expression (data not shown).
Taken together, all the chimeras showed an impediment to form TJ strands. This indicates that the different segments (TMs, ECLs, and ICL) of Cldn3 and Cldn5, which were mixed in the chimeras ( Fig. 1 ), do not match structurally.
Identification of ECL2 Residues Involved in Trans-interaction by Rescue of Contact Enrichment for ChF-ChF represents
Cldn3 with the putative ECL2 of Cldn5 (Figs. 1 and 3A). The lack of contact enrichment of ChF ( Fig. 2G ) suggests that the exchange of ECL2 of Cldn3 by that of Cldn5 was sufficient to diminish trans-interaction. To identify residues involved in this inhibition, Cldn3-like residues were reintroduced into ECL2 of ChF. Because the transition between ECL2 and TM3 could not be predicted exactly, the ECL2 sequence of Cldn5 in ChF was also N-terminally expanded (Fig. 3A) .
First, multiple substitutions of neighboring residues in the ECL2 region differing between Cldn3 and Cldn5 were analyzed. T141I/I142V/I143V and Y157R/L159M, but not N148D/ L150T or V153E/S154A, strongly increased contact enrichment ( Fig. 3B ). Analysis of single substitutions revealed that T141I and Y157R were responsible for increased contact enrichment (Fig. 3, B and C). Combining T141I/I142V/I143V with Y157R/L159M resulted in an additive increase in contact enrichment ( Fig. 3B) . A similar additive increase was obtained by combining T141I with Y157R ( Fig. 3C ). These results indicate that the residues differing between Cldn3 and Cldn5 at positions 141 (in Cldn3 ϭ 142 in Cldn5) and 157 (in Cldn3 ϭ 158 in Cldn5) are involved in trans-interaction.
To investigate the role of ECL2 residues in contact enrichment in more detail, Cldn3-mimicking residues were introduced into Cldn5. At transition to TM3 I142T, but not V143I or V144I, strongly inhibited contact enrichment ( Fig. 3D ). V154E/ S155A only led to a minor decrease. D149N/T151L double substitution inhibited contact enrichment for the Cldn5 construct, whereas neither D149N nor T151L single substitutions exhibited any inhibition ( Fig. 3D ). Taken together, the data obtained with ChF and Cldn5 demonstrate that ECL2 residues differing between Cldn3 and Cldn5 are involved in contact enrichment.
Identification of Incompatible Residues Responsible for the Different Subcellular Localization of Chimeras-The finding that ChA but not ChB was detected in the plasma membrane ( Fig. 2 , E and I) suggests that residues differing between these chimeras (TM3 and ICL) are structurally incompatible with other residues in ChB, resulting in misassembly and intracellular retention of ChB. A comparison of TM3 of Cldn3 and Cldn5 revealed the presence of two Cldn5-specific cysteines (Fig. 4A,  top panel) . Because the sulfhydryl group of Cys possesses special biophysical properties (e.g. electrostatic potential), its contribution to the different phenotypes of ChA and ChB was analyzed by Ser substitutions. Strikingly, C127S, but not C136S, in ChB enabled contact enrichment, and C136S inhibited contact enrichment induced by C127S in ChB (Figs. 4, A and B, and 10, I-L). This indicates that, in ChB, the sulfhydryl group of Cys-127, but not of Cys-136, in the Cldn5-like TM3, prevents contact enrichment, presumably by disturbing folding/assembly of the chimera. In addition, the corresponding C137S, but not C128S, in Cldn5 inhibited contact enrichment ( Fig. 4B ), indicating that the sulfhydryl group of Cys-137, but not that of Cys-128, is necessary for the correct folding and assembly of Cldn5.
Substitution of the Incompatible C127 in TM3 Is Sufficient to Rescue Strand Formation for ChB-Consistently, with contact enrichment, FFEM showed that ChB-C127S is able to form TJ strands (Fig. 4C ). The strands formed by ChB-C127S showed a particle-type morphology with intramembranous strand particles on the E-face as well as on the P-face of the membrane (particle coverage along strand axis of 65.8 Ϯ 2.2% on the E-face and 37.0 Ϯ 1.5% on the P-face). Interestingly, this mixed P-/Eface association was similar to that found for Cldn3/Cldn5 copolymers (9) and was in between the strand morphology found for Cldn5 (particle coverage of 61.9 Ϯ 1.2% on the E-face and 5.3 Ϯ 1.3% on the P-face, particle type) and the one for Cldn3 (particle coverage of 4.0 Ϯ 1.0% on the E-face and 94.7 Ϯ 1.9% on the P-face, continuous type). C128S substitution in FIGURE 1. Sequence alignment and constructs used in this study. A, sequence alignment of mouse Cldn3 and Cldn5. Putative TM segments (red), ECLs, and the ICL were predicted as described under "Experimental Procedures." Note the shift in one position between Cldn3 and Cldn5. Green, hydrophobic residues; blue, basic; magenta, acidic; dark blue, hydrophilic; yellow, cysteines; cyan, tyrosines; black, proline. B, chimeric Cldn3/5 constructs used in the study to identify regions involved in claudin folding and assembly. Transitions between segments are as indicated in A. Yellow and blue segments correspond to Cldn3 and Cldn5, respectively. For clarity, the chimeras are labeled with letters and not named according to the mixed segments.
Cldn5 (corresponding to C127S in ChB) did not change E-face association nor the particle-type appearance of the strands (Fig.  4D , particle coverage of 64.0 Ϯ 4.0% on the E-face and 5.8 Ϯ 1.8% on the P-face). The very few strands found for ChA showed Cld3-like continuous (Ͼ 90% particle coverage) and P-face-associated strands (Fig. 10A ). Together, these FFEM data and the sequence differences between ChA and ChB ( Fig.  1 ) indicate that residues in TM3/ICL of Cldn5 but not C128 alone are strongly involved in the E-face association and particle-type appearance of strands.
Coexpression of ChB-C127S with Cldn5 increased, whereas coexpression with Cldn3 decreased, E-face association of the resulting strands ( Fig. 10, F and G) . FRET at cell-cell contacts demonstrated a close proximity of ChB-C127S with the coex-pressed Cldn3 or Cldn5 (Fig. 10H ). These data suggest that ChB-C127S is able to copolymerize with Cldn3 and Cldn5 and that this copolymerization results in a shift of P-/E-face association.
The Block of Contact Enrichment of ChA and ChF Is Rescued by Substitutions in TM3-ChB-C127S showed contact enrichment in the plasma membrane and many intracellular signals (Fig. 4A ). In contrast, ChA was homogenously distributed in the plasma membrane (Fig. 2, D and E) . To identify residues involved in this different subcellular localization, ChA was expanded stepwise toward ChB-C127S by introducing Cldn5like residues N-terminally of ECL2 (Fig. 5A) . The substitution T141I/I142V/I143V did not lead to contact enrichment (Fig.  5B) . In contrast, S136C/S138F drastically increased contact enrichment. A similar increase was obtained with S138F, but not S136C, in ChA. T141I/I142V/I143V reduced the increase induced by S136C/S138F (Fig. 5B , ChA-S136C/S138Fϩ141TII/ IVV143 (ChA CFIVV)), and T141I reduced the increase induced by S138F (Fig. 5B , ChA S138F/T141I). The data show that S138F is sufficient to rescue contact enrichment of ChA and that T141I counteracts this rescue effect.
To analyze the influence of TM4 on S138F-mediated contact enrichment of ChA, similar substitutions were introduced in ChF, which differs from ChA in TM4 (Fig. 5 , C and E, pictograms). Similar as in ChA, in ChF, substitutions S136C/S138F and S138F, but not S136C, strongly increased contact enrichment (Fig. 5, B and E) . In contrast to ChA, in ChF, the substitutions T141I/I142V/I143V and T141I increased contact enrichment, and T141I/I142V/I143V did not reduce the increase induced by S136C/S138F (Fig. 5B , ChF-S136C/S138Fϩ141TII/ IVV143 (ChF CFIVV)). Taken together, these data indicate that S138F in TM3 is sufficient to rescue contact enrichment independently of the differences between Cldn3 and Cldn5 in TM4, whereas the effect of T141I depends on TM4.
Substitutions in ChA and ChF Leading to Contact Enrichment Enable Strand Formation-To verify that chimeras showing contact enrichment are able to form TJ strands, FFEM was performed. ChF-S136C/S138F, ChF-S136C/S138FϩT141I/I142V/ I143V (ChF CFIVV), and ChA-S136C/S138F formed many strands ( Fig. 5, H, J, and K) . For these constructs, extensive networks of branched strands similar to Cldn3 and Cldn5 were found. In addition, the strongest tendency to form multiple parallel bundles was observed for ChA-S136C/S138F (Fig. 5K ). The strands formed by these chimeras were rather continuous with particles associated with the P-face. In summary, continuity and P-/E-face association of the strand particles decreased in the following order: Cldn3 Ն ChF-S136C/S138F Ն ChF-S136C/S138FϩT141I/I142V/I143V Ն ChA-S136C/S138F Ͼ Ͼ ChB-C127S Ͼ Ͼ Cldn5-C128S ϭ Cldn5-T142I ϭ Cldn5. The most striking difference in P-/E-face association of the strand particles was found between ChA-S136C/S138F and ChB-C127S. This indicates that Cldn3-like P-face association mainly depends on Cldn3-specific residues N-terminally of Ser-136 but not on Cldn3-specific residues in ECL2 or TM4.
Further Analysis of Substitutions in Cldn3 and Cldn5-Because residues differing in Cldn3 and Cldn5 strongly affected strand formation of chimeric constructs, the role of differing residues was analyzed further by introducing Cldn5-like residues into Cldn3 and Cldn3-like residues in Cldn5. In Cldn3, S138F and T141I increased contact enrichment (Fig. 6A) , whereas the reciprocal substitutions in Cldn5, I142T ( Fig. 3D ) and F139S (Fig. 6B) , decreased contact enrichment. However, F139S and I142T in Cldn5 did not prevent formation or change P-/E-face association or the particle-type appearance of strands (Figs. 5I and 10, D and E). Taking wild types and chimeras together, the presences of Phe at position 138/139 and Ile at 141/142 correlate with strong contact enrichment.
Because C128 and C137 of Cldn5 were found to be relevant for contact enrichment (Fig. 4B) , Cys was introduced at the corresponding position in TM3 of Cldn3 (A127C, S136C). However, contact enrichment was not changed (Fig. 6A ). Similarly, C14A in TM1 of Cldn5 did not affect contact enrichment. These results underline that the effect of a sulfhydryl group depends on the protein context.
Further substitutions found to affect contact enrichment were A132T in TM3 of Cldn5 (Fig. 6B ) and exchanging residues in the ICL that differ greatly between Cldn3 and Cldn5 (Fig. 6, A and B,  108QDET111/109APGP112 ). However, these effects were weaker than those from other substitutions in TM3 or ECL2. Combining 141TII/IVV143 and Y157R/L159M resulted in an additive increase. C, Y157R, but not L159M, increased contact enrichment. T141I/Y157R showed a stronger increase than Y157R. D, in Cldn5, I142T and D149N/T151L inhibited contact enrichment. As a measure of contact enrichment, the contact enrichment factor was determined and normalized to ChF (B and C), or the percentage of enrichment-positive contacts was determined and normalized to Cldn5 (D) (see "Experimental Procedures." Data are mean ϩ S.E. *, p Ͻ 0.01 versus ChF (B and C) or Cldn5 (D) or as indicated; #, p Ͻ 0.05. n Ն 93 for V153E/S154A; n ϭ 64 (B); n Ն 22 (C); n Ն 10 images with an average of Ն 16 contacts analyzed (D). Table S1 ). Cldn3 and Cldn5 both exhibited contact enrichment but differed in the amount detected in the plasma membrane outside contacts between claudin-expressing cells. To investigate plasma membrane localization independently of trans-interaction, single claudin-expressing cells without contact to another claudin-expressing cell were analyzed (Fig. 7, A and B) . The ratio of the claudin signals in the plasma membrane versus the nuclear membrane (as an intracellular reference membrane) was quantified using confocal intensity profiles (Fig. 7C , PM/NM ratio). The PM/NM ratio of Cldn3 was much higher than that of Cldn5. Removal of the Cldn5-specific sulfhydryl group by C128S and Cldn3-mimicking I142T increased the PM/NM ratio in Cldn5. ChB-C127S and ChB-C127S/I141T exhibited similar PM/NM ratios as Cldn5-I142T. For ChA, the PM/NM ratio was similar to that of Cldn3wt and was unchanged by S138F or S138F/T141I in ChA (Fig. 7C) . These results indicate that the amount of claudin constructs in the plasma membrane is affected by residues in TM3.
Effect of the Substitutions on the Amount of Claudin Constructs in the Plasma Membrane-The claudin constructs colocalized differentially with the plasma membrane (summarized in supplemental
Biochemical Analysis of Claudin Oligomerization-For biochemical analysis of claudin oligomerization, BN-PAGE of claudins solubilized with 1% DDM was used as described pre-viously (23) . Cldn5 migrated consistently with being a dimer ( Fig. 8A) . Only a faint band consistent with a monomer was detectable. In contrast, Cldn3 was detected as a monomer, whereas a dimer was hardly detectable. Because Cldn4 has been described as migrating as a monomer on BN-PAGE (23), it was used as control. As expected, Cldn4 migrated consistently with being a monomer, similarly to Cldn3 (Fig. 8A) . Furthermore, Cldn5-F147A, which has been shown previously to lack the ability for trans-interaction (2), was detected as a dimer, similarly to Cldn5. This indicates that the detected Cldn5 dimer is formed by cis-interaction.
To verify the different extents of dimerization for Cldn5 versus Cldn3, FRET assays (for detection of close proximity) were performed. HEK293 cells were cotransfected with Cldn-CFP/ Cldn-YFP, the cells were lysed as for BN-PAGE, and the FRET signals were analyzed by spectrofluorometry. A strong FRET signal was obtained for Cldn5 but not for Cldn3 (Fig. 8B ). In addition, the FRET signal for Cldn5 was strongly inhibited by the addition of 0.5% SDS. Together, the BN-PAGE and FRET data strongly suggest that Cldn5, but not Cldn3, forms a stable non-covalent cishomodimer that is DDM-resistant but SDS-sensitive.
Residues in TM3 of Cldn5 Stabilize Cis-dimerization-To identify segments and residues involved in cis-dimerization, chimeras were analyzed by BN-PAGE with respect to the MARCH 14, 2014 • VOLUME 289 • NUMBER 11 FIGURE 5 . S138F substitution is sufficient to rescue contact enrichment and strand formation of ChA and ChF. A, schematic highlighting the sequence differences between ChA, ChB, and ChF. Alignment of Cldn3 and Cldn5 sequences and substitutions that were analyzed are indicated (boxes). B, quantification of contact enrichment of ChA and ChF constructs. S138F substitution is sufficient to rescue contact enrichment in ChA and ChF. The effect of 141TII/IVV143 but not of S138F depends on TM4. CFIVV, S136C/S138Fϩ141TII/IVV143. Data are mean ϩ S.E. n Ն 39. For ChA-T141I, n ϭ 22. *, p Ͻ 0.001 versus ChA (dark blue columns) or versus ChF (light blue or red columns) or as indicated. C-F, representative images for subcellular distribution of claudin-YFP constructs (green) in living HEK293 cells. The plasma membrane was stained with trypan blue (red). Contact enrichment is indicted by arrows. Scale bars ϭ 5 m. G-K, FFEM analysis. Similar to Cldn3wt (G), ChF-S136C/S138F (H) and ChF-CFIVV (J) form huge networks of rather continuous-type strands with a strong P-face association. K, ChA-S136C/S138F forms many bundles of continuous or fragmented strands with more particles on the P-face than on the E-face. I, Similar to Cldn5wt, Cldn5-I142T forms networks of particle-type strands with a very high E-face association. Scale bar ϭ 0.2 m. dimer/monomer ratio (Fig. 8A) . A low dimer/monomer ratio, similar to Cldn3, was found for ChF, ChF-S138F, ChA, ChA-S138F, and ChA-S136C/S138FϩT141I/I142V/I143V (ChA-CFIVV). In contrast, ChB-C127S showed a clearly higher dimer/monomer ratio. Because ChB-C127S and ChA-CFIVV differ in the N-terminal half of TM3 and ICL, this region appears to be strongly involved in differential dimerization. However, substitution of an ICL motif strongly differing between Cldn3 and Cldn5 (108QDET111/109APGP112) did not change the dimer/ monomer ratio (Fig. 8A) . In contrast, for ChB-C127S/I141T, the dimer was even more pronounced than for ChB-C127S. In addition, Cldn5-I142T, but not Cldn5-F139S, exhibited more monomers than Cldn5wt. Together, the data indicate that position 141 (Cldn3)/142 (Cldn5), but not 138 (Cldn3)/139 (Cldn3), and also residues in the N-terminal half of TM3 are involved in dimerization.
Residues Contributing to Claudin Assembly
TJ Strands Formed by Chimeras Because of the S138F Substitution Represent a Diffusion Barrier for a 870-Da Marker-The TJ strands reconstituted by claudin expression in HEK293 cells do not form a continuous belt-like paracellular barrier in the monolayer (2) . Hence, standard permeability assays using a filter insert, as performed for polarized epithelial cells with endogenous TJs (14) , are inapplicable. To demonstrate that the constructs showing contact enrichment and strands in freezefracture replica constitute a functional diffusion barrier, a tracer exclusion assay was performed (9) . Standard incubation of cells with trypan blue labels the whole plasma membrane (Figs. 2, 4, 5, and 7) . In contrast, after a short incubation with trypan blue (873 Da) or Cellmask TM (ϳ2 kDa) in a lower concentration, the tracer also labels the plasma membrane but is excluded from cell-cell contacts with enriched claudin signals (9). This tracer exclusion was found for different chimeras showing contact enrichment and strands but not for chimeras lacking both. Representative images for the different constructs are given for ChA-S138F and ChA (Fig. 9 ). This indicates that ChA-S138F, but not ChA, forms a diffusion barrier at cell-cell contacts for markers of ϳ1 kDa.
DISCUSSION
In this study, a panel of Cldn3/Cldn5 chimeras was screened to identify protein segments and residues involved in folding and assembly of classic claudins such as Cldn3 and Cldn5. Experimental reconstitution of TJ strands, mutagenesis, native gel electrophoresis, and confocal and electron microscopy revealed novel insights into the molecular determinants of claudin folding and assembly and the formation of paracellular barriers.
Mislocalization of Cldn3/5 Chimeras Revealed Segments of Cldn3 and Cldn5 That Do Not Match-Analysis of subcellular localization of ChA to ChG showed that, in contrast to wild-FIGURE 6. Effect of substitutions in Cldn3 or Cldn5 on contact enrichment. A, in Cldn3, S138F and T141I increased the contact enrichment factor. B, in Cldn5, C128S increased, whereas A132T and F139S decreased, the percentage of enrichment-positive contacts. ICL APGP, 108QDET/APGP111 in the intracellular loop; ICL QDET, 109APGP/QDET112. Data are mean ϩ S.E. n Ն 63. For A127C, n ϭ 23. For T141I, n ϭ 25 (A). n Ն 10 images with an average of Ն 22 contacts analyzed. For C14A, n ϭ 9 images (B). *, p Ͻ 0.001 versus WT. FIGURE 7. Trans-interaction-independent colocalization of claudin constructs with the plasma membrane. Representative images of single Cldn5expressing (A) and ChB-C127S-expressing (B) HEK293 cells are shown. C, quantification. As a measure for plasma membrane localization, the PM/NM ratio was determined as a logarithm (log) of the ratio of the claudin signal in the plasma membrane (A and B, arrowhead) to the claudin signal in the nuclear membrane (C and D, arrow) using confocal intensity profiles. The PM/NM ratio for Cldn3 was much higher than that for Cldn5. Substitutions in TM3 affected the PM/NM ratio. Scale bars ϭ 5 m. Data are mean ϩ S.E. n Ն 10. *, p Ͻ 0.01 versus Cldn3 or as indicated.
type claudins, none of the chimeras exhibited contact enrichment as an indicator for trans-interaction (Fig. 2 ). In addition, the lack of efficient strand formation was verified by FFEM. This indicates that, for all chimeras, the mixed segments of Cldn3 and Cldn5 do not match structurally.
Two different phenotypes were obtained for the chimeras: the "plasma membrane type," with a presence in the plasma membrane but lack of contact enrichment indicating direct or indirect inhibition of trans-interaction, and the "intracellular type," an intracellular accumulation indicating misfolding or misoligomerization that does not pass intracellular protein quality control (8, 27) . Chimeras with at least two TMs of Cldn5 or TM1 and ECL1 of Cldn5 belong to the intracellular type. Regarding the plasma membrane type, exchanging ECL2 of Cldn3 with that of Cldn5 (ChF) was sufficient to strongly inhibit trans-interaction and strand formation. Even the presence of ECL1 and ECL2 of Cldn5 in ChG was not sufficient to enable strong contact enrichment. These results indicate that residues in the ECL2 that differ between Cldn3 and Cldn5 and the transition between the ECLs and the TMs contribute to the ability to interact in trans. To identify mismatching residues in chimeras and, thus, residues involved in claudin folding or assembly, we subsequently tried to rescue the deficiency phenotypes of the chimeras by mutagenesis.
Identification of ECL2 Residues Involved in Trans-interaction-The block of trans-interaction by exchanging the ECL2 of Cldn3 by that of Cldn5 (Fig. 2G ) enabled us to search for nonconserved residues involved in trans-interaction. Interestingly, Y157R strongly increased contact enrichment in ChF (Fig. 3C) . The corresponding Y158 in Cldn5 is necessary for homophilic trans-interaction (2), but Cldn3-Cldn5 trans-interaction was found to be relatively weak (9) . These findings indicate that the R157/Y158 difference in the ECL2 contributes to claudin subtype-specific trans-interaction.
Furthermore, T141I in ChF increased, whereas the inverse I142T in Cldn5 decreased contact enrichment (Fig. 3, B and D) . In Cldn5, D149N/T151L diminished contact enrichment (Fig.  3D) . Together, the data indicate that positions 141/2, 148/9, 150/1, and 157/8 along the ECL2 of Cldn3/Cldn5 contribute to transinteraction. Whether these positions directly or indirectly affect trans-interaction is addressed by a modeling approach. 5 Identification of Incompatible/Mismatched Residues by Comparison of Different Chimera Phenotypes-Differences between chimeras concerning their subcellular localization had to be caused by sequence differences. In particular, the different phenotypes for ChA (plasma membrane type) and ChB (intracellular type) had to be due to the different residues in TM3 or ICL (Fig. 1) . Consequently, substitutions in this region were generated and analyzed by confocal and electron microscopy. Residues were identified that influence plasma membrane localization, contact enrichment, and strand formation. Two points were revealed as discussed in the following paragraphs.
1) The sulfhydryl group of Cys-128 but not that of Cys-137 in TM3 of Cldn5 prevented contact enrichment of ChB (Fig. 4) . In Cldn5, Cys-128 was not necessary for contact enrichment. This indicates that, in a putative TM helix bundle, Cys-128 in TM3 of Cldn5 is not necessary for the assembly with other TMs of Cldn5 (Fig. 11, dashed box) . However, in ChB, Cys-127 prevented contact enrichment, indicating that Cys-128 in TM3 of Cldn5 does not fit with TM1 and TM2 of Cldn3, which are present in ChB.
In contrast, the sulfhydryl group of Cys-136/137 in TM3 was necessary for strong contact enrichment of ChB and Cldn5 (Fig.  FIGURE 8 . Analysis of claudin dimerization by blue native PAGE and FRET. A, claudins from transfected HEK293 cells were solubilized with 1% DDM and analyzed by blue native PAGE. The claudin constructs differ in their dimer/monomer ratios. Bands corresponding to cis-dimers were detected for Cldn5 but hardly at all for Cldn3. I142 and other residues in TM3 of Cldn5 stabilize cis-dimers. Representative Western blot analyses are shown. ChA-CFIVV, ChA-S136C/ S138FϩT141I/I142V/I143V; Cldn3 ICL, Cldn3 Q108A/D109P/E110G/T111P; Cldn5 ICL, Cldn5 A109Q/P110D/G111E/P112T. B, FRET assays indicated non-covalent homodimerization of Cldn5. DDM lysates of HEK293 cells cotransfected with Cldn3-CFP/Cldn3-YFP (Cldn3 WT) or Cldn5-CFP/Cldn5-YFP (Cldn5 WT) were analyzed. As a measure of FRET efficiency, the FRET ratio was calculated (see "Experimental Procedures"). Addition of SDS (Cldn5 WT ϩ SDS) strongly reduced the FRET ratio. Data are mean ϩ S.E. n Ն 4. *, p Ͻ 0.001 versus Cldn3. FIGURE 9. ChA-S138F forms a diffusion barrier at cell-cell contacts. For HEK cells expressing ChA, trypan blue (red) homogenously labels the plasma membrane, including contacts between HEK cells that express ChA (A-C, green, arrows). In contrast, trypan blue is excluded at contacts between HEK cells that express ChA-S138F (D-F, green, arrows). This indicates a diffusion barrier formed by ChA-S138F. Scale bars ϭ 5 m. Cells were labeled with trypan blue and imaged within 5 min. 4B). The corresponding S136C substitution increased contact enrichment in ChA-S138F (generating ChA-S136C/S138F) and ChF-S138F but not in ChA, ChF, and Cldn3 (Figs. 5E and 6A). These data indicate that a sulfhydryl group at position 136/137 in TM3 matches Cldn5-like TM3 and TM4, e.g. to F139. Whether the sulfhydryl groups of residues 128 and 137 influence intramolecular interactions or cis-interaction between the TMs is unclear. However, as a result, trans-interaction and strand formation are affected indirectly.
2) S138F in TM3 is sufficient to rescue contact enrichment, and strand and diffusion barrier formation of ChA and T141I counteracts this ( Figs. 5B and 9 ). S138F rescued contact enrichment in ChA (Fig. 5B ) without changing the ChA amount in the plasma membrane (Fig. 7C) . A similar rescue was obtained in ChF. Because ChA and ChF differ in TM4, the effect of S138F in TM3 is independent of sequence differences between Cldn3 and Cldn5 in TM4. In contrast, the effect of T141I depends on TM4.
In Cldn3, S138F and T141I increased contact enrichment (Fig. 6A) , whereas the reciprocal substitutions in Cldn5, I142T ( Fig. 3D) and F139S (Fig. 6B) , decreased contact enrichment. I141/142T differentially affected Cldn5 and ChB-C127S, FIGURE 10 . Additional analysis of chimeric mutants. A-G, freeze-fracture EM analysis of chimeric mutants. A-C, for ChA, ChF, and ChG, almost no strands were found. However, the few and rudimentary strands that were only rarely detected showed a rather continuous type and particles associated with the P-face. A and B, on the E-face, grooves with only a few particles were found. D and E, in contrast, for Cldn5-F139S, networks of particle-type strands associated with the E-face were found, similar to Cldn5wt. F and G, strand formation and morphology of copolymers of ChB-C127S/Cldn3wt (F) and ChB-C127S/Cldn5wt (G). respectively, regarding contact enrichment ( Figs. 3D and 4B) , the amount in the plasma membrane (Fig. 7C) , and dimerization (Fig. 8A) . These results and sequence comparisons suggest that the I141/142T-mediated changes depend on differences in TM1 and TM2.
Taking wild types and chimeras together, the presences of Phe at position 138/139 and Ile at position 141/142 correlate with strong contact enrichment. The molecular mechanism by which these residues affect claudin folding and assembly is further addressed by a modeling approach. 5 BN-PAGE and FRET Reveal TM3-mediated Cis-dimerization for Cldn5 but Not for Cldn3-Several gel electrophoresis systems have been used to analyze oligomerization of solubilized claudins. We obtained the most consistent results with the DDM/BN-PAGE system (23) . Cldn5 migrated consistently with being a dimer (Fig. 8A ), similar to Cldn2 (23). In contrast, Cldn3 was found mainly as a monomer, similar to Cldn4 (Fig.  8A and Ref. 23 ). Cldn5-F147A, which is deficient for transinteraction (2), was detected as a dimer. This suggests that the Cldn5 dimer is formed by cis-interaction. FRET supported noncovalent homodimerization of Cldn5 but not of Cldn3 (Fig. 8B) .
DDM-resistant claudin dimers have been suggested to be a fundamental structural unit of larger detergent-sensitive complexes that might represent the 10-nm particles of TJ strands seen in FFEM (23) . Our findings support this idea and indicate that channel-forming claudins (e.g. Cldn2) as well as barrierforming claudins (e.g. Cldn5) are able to form these dimers. It has been assumed that the lack of dimerization found for Cldn4 could be due to the lack of the ability to self-organize into strands (23) . Here we show that Cldn3, which forms strands, does not form stable dimers. Hence, DDM-resistant cis-dimerization is not a precondition for the ability to form TJ strands but reflects claudin subtype-specific assembly properties.
BN-PAGE analysis of Cldn3/Cldn5 chimeras showed that Cldn5-specific residues in TM3 critically contribute to cisdimerization. This is consistent with cross-linking experiments with Cldn2/Cldn4 chimeras, suggesting dimerization via TMs and proximity of TM2 (23) .
TM3 Contributes to the Ultrastructure of TJ Strands-Paracellular tightness correlates with the number of strands and the extent of their cross-linking detected with FFEM after aldehyde fixation (28, 29) . Breaks of Ͼ20 nm in the strand network are often found under pathological conditions with increased permeability. In contrast, gaps Ͻ 20 nm define the "particle type" of strands formed by Cldn2, Cldn5, or Cldn10b (30 -32), whereas Cldn1 and Cldn3 form a continuous "strand type" without gaps (3, 33) . In addition, these continuous strands are found on the P-face of the membrane, whereas, for the particle-type, particles are found on the E-face (Cldn5) or E-and P-faces (Cldn2, Cldn3/5 copolymers). Importantly, mixed P-/E-face association correlates with blood-brain barrier-specific tightness (9, 17, 34) . However, the molecular base for these ultrastructural differences remained unclear.
Here we reveal a relationship between this ultrastructural appearance and cis-dimerization of claudins. For Cldn3, Cldn5, and chimeras of these, E-face association and particle type (Figs. 2C; 4,C and D; 5, G-K; and 10, A-F) correlated with cis-dimerization (Fig. 8A) . A similar correlation is found for Cldn2 and Cldn4 by comparison of literature (7, 23) .
The most striking difference was found between ChA-S136C/S138F and ChB-C127S ( Figs. 4C and 5K ). This shows that the C-terminal half of Cldn5, including TM3 but not C128, is essential for stable cis-dimerization and, thereby, for strands with particles on the E-face (Fig. 11) .
In summary, we revealed subtype-specific cis-dimers as subunits of claudin polymers that contribute to the distinct ultrastructure of TJ strands. We identified non-conserved residues in TM3 and the ECL2 of classic claudins, affecting cis-and/or trans-interaction, thereby influencing the morphology and barrier function of TJ strands (Fig. 11 ). These mechanistic insights advance the molecular understanding of paracellular barrier formation and could facilitate the identification of key interactions for specific TJ modulation for the improvement of drug delivery or for therapeutic barrier protection.
